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Protein Chainmail: Catenated Protein
in Viral Capsids
form of gp5 active for assembly appears to be soluble
hexamers and pentamers (Xie and Hendrix, 1995). About
420 copies of gp5 coassemble with a protease (gp4)
Robert L. Duda
Pittsburgh Bacteriophage Institute
and Department of Biological Sciences
University of Pittsburgh into the first large capsid precursor called Prohead I
(Duda et al., 1995a, 1995b) (Figure 1A). Completion ofPittsburgh, Pennsylvania 15260
the Prohead I shell activates the proteolytic processing
of gp5 and gp4 that converts Prohead I into a new
structure called Prohead II (Conway et al., 1995; DudaSummary
et al., 1995a, 1995b) (Figure 1A).
Prohead II is the precursor to the mature head andThe capsid shells of bacteriophage HK97 and several
has only proteolytically truncated gp5* (31 kDa) (Figureother phages contain polypeptides that are covalently
1B). Prohead II transforms to its mature size via a dra-linked into complexes so large that they do not enter
matic conformational reorganization, termed expansion,polyacrylamide gels after denaturation. The enormous
that is common among phages and normally triggeredapparent size of these protein complexes in HK97 de-
by DNA packaging (Casjens and Hendrix, 1988). Expan-rives from a novel protein topology. HK97 subunits
sion changes the 47 nm diameter HK97 Prohead II intocross-link via isopeptide bonds into oligomers that are
the 55 nm Head I (Duda et al., 1995a), and it is thisclosed rings of five or six members.However, polypep-
expansion transformation that triggers the spontaneoustides from neighboring pentamer and hexamer rings
covalent cross-linking of the HK97 capsid protein sub-intertwine before the covalent cross-links form. As a
units into large oligomers (Popa et al., 1991; Duda etresult, adjacent protein rings catenate into a network
al., 1995a) in Head II (Figure 1A). The cross-links aresimilar to chainmail armor. In vitro linking and unlink-
isopeptide (amide) bonds between a lysine on one sub-ing experiments provide strong support for the chain-
unit and an asparagine on an adjacent subunit (Duda etmail model, which explains the unusual properties of
al., 1995a). The cross-links form in a reaction that re-these bacteriophages and may apply to other macro-
quires no known external factors (Duda et al., 1995a)molecular structures.
and is presumably catalyzed by active sites formed
within the capsid during the expansion transformation.Introduction
Although the above studies revealed that unusual cross-
linking events occurred during HK97 maturation, theyWhen craftsmen in Japan made katabira for ninjas and
could not explain the very large oligomers, as discussedthe guildsmen of Europe forged chainmail for knights,
below.they were unaware that their armor reflected an ancient
biological design used by bacterial viruses. The fabric
Resultsof interlocking rings of metal that shielded medieval
warriors has a protein analog in the capsids of bacterio-
The Cross-Linking Paradoxphage HK97. This novel protein topology arises from
Each subunit of the mature HK97 capsid is covalentlyfeatures of HK97 capsid assembly that are quite com-
linked to two neighboring subunits by isopeptide bondsmon in protein structureÐthe intertwining of the poly-
between lysine 169 on one subunit and asparagine 356peptide chains of adjacent subunits, and the formation
on theadjacent subunit (Duda et al., 1995a). These z420of covalent cross-links between polypeptide chains. The
gp5* subunits are organized as 12 pentamers at thecombination of these two features in the correct spatial
vertices and 60 hexamers on the faces of the icosahedraland temporal order creates protein chainmailÐa net-
HK97 head (triangulation number [T] of 7) (Conway etwork of topologically catenated protein circles.
al., 1995). The capsids are highly symmetric, so the iso-Bacteriophage HK97, in which protein chainmail was
peptide cross-links, which affect all subunits, must alsofound, is a typical temperate Escherichia coli phage that
be symmetrically arranged. The capsid symmetries in-is classified morphologically as one of the siphoviridae
clude 2-fold (between hexamers at the edges and quasi-(Murphy et al., 1995). It has a flexible tail and a 55 nm
2-fold between hexamers), 3-fold (at centers of icosahe-icosahedral capsid with a double-stranded DNA ge-
dral faces and quasi-3-fold surrounding each hexamer),nome, and thus resembles the well-known phage l (Dhil-
5-fold (at centers of pentamers), and quasi-6-fold (atlon et al., 1980). Unlike l, however, HK97 does not ap-
centers of hexamers). The highest order of symmetrypear to have the expected several hundred independent
present in the HK97 capsid is six, so the isopeptide linkscopies of a major capsid protein. Instead, HK97 was
should produce oligomers bearing no more than sixfound to have most of its head proteins covalently linked
subunits, but this is not what is observed, as showninto very large complexes (Popa et al., 1991). Subse-
below.quently, many aspects of the structure, assembly, bio-
chemistry, and genetics of HK97 capsids have been
explored in more detail (Conway et al., 1995; Duda et Linking In Vitro
When cross-linking was monitored during the conver-al., 1995a, 1995b; Xie and Hendrix, 1995) (Figure 1).
Capsid assembly does begin with hundreds of copies sion of Prohead II to Head II (Figure 2A), a series of
oligomers appeared in the same order as their sizes,of a 42 kDa HK97 major capsid protein,gp5, although the
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Figure 1. HK97 Head Shell Assembly Pathway and Proteins
(A) The HK97 head assembly pathway. Capsid precursors assemble
from protein products of genes 3, 4, and 5 (Duda et al., 1995b): z12
copies of gp3 (47 kDa portal protein), z50 copies of gp4 (25 kDa
proteolysis/scaffold protein), and z420 copies of gp5 (42 kDa major
capsid protein). One vertex of HK97 proheads and heads is normally
occupied by the portal, the gateway for DNA entry and exit, and the
site of tail attachment. Proheads without portals assemble, cleave,
expand, and cross-link normally (Conway et al., 1995; Duda et al.,
1995b). See text for additional details.
(B) Schematics of the HK97 major head protein gp5 and its cleaved
product, gp5*, showing the cleavage and cross-linking sites.
(C) Oligomeric forms of gp5* described in this paper, including linear
and circular oligomers.
Figure 2. Linking and Unlinking of HK97 Capsid Protein In Vitrowhich match the expected sizes of covalently linked
(A) Linking: purified Prohead II was expanded and cross-linked intodimers, trimers, tetramers, pentamers, and hexamers
Head II using a two-step procedure because the treatment thatof the 31 kDa subunit. The observation of a ladder of
induces expansion inhibits cross-linking (Duda et al., 1995a). First,
oligomers up to hexamer and the fact that the hexamers Prohead II was treated with acidic urea to induce expansion. The
and pentamers were prominent and persisted indicate incompletely linked products formed in urea (in vitro expansion:
that the cross-links follow the 5-fold and local 6-fold 0±64 min samples) were analyzed on a 10% SDS polyacrylamide
gel. Second, urea-expanded heads were diluted after 60 min intoaxes of hexamers and pentamers as shown in Figure
neutral buffer, where they rapidly cross-linked; the large oligomer1C. Therefore, the isopeptide cross-links must occur
products were displayed on the same gel (in vitro cross-linking:only within each hexamer and/or pentamer, and the
0±120 min samples).
largest oligomers should have only five or six subunits (B) Unlinking: purified Head II was denatured and digested with
(Duda et al., 1995a). However, protein bands that appear increasing amounts of protease (as indicated) for a set time and
to be oligomers much larger than hexamers are ob- analyzed on a 7.5% SDS polyacrylamide gel.
(C) Unlinking: two samples from (B) rerun in a 6% SDS polyacryl-served (Figure 2A), and as the reaction proceeds, most
amide gel to display the complex series of large oligomer bands.of the head protein cannot enter the SDS-polyacryl-
amide gel. Indeed, the smallest form in mature head
shells was found to be a covalent pentamer of gp5*
larger oligomers (Figure 3). A second covalent cross-(Popa et al., 1991; Duda et al., 1995a). The only way to
link should produce a novel intersubunit junction thatexplain these results was to propose that a separate
could bedetected by comparative peptide mapping, butand different type of linking must occur during HK97
no evidence for this could be found, despite repeatedcapsid maturation, in addition to the covalent isopeptide
searches (data not shown). In the chainmail model, allintersubunit cross-link previously characterized (Duda
of the subunits within each hexamer and pentamer areet al., 1995a).
joined into closed protein rings (Figure 1C) and adjacent
rings are interlocked topologically (Figure 3). Pairs of
symmetry-related polypeptide chains from subunits onCross-Linking Models
Two models could potentially explain the unusual HK97 neighboring capsomers must pass around each other
to form the topological links that connect the hexamerichead protein cross-linking results: the two cross-link
model and the chainmail model (Figure 3). In the two and pentameric rings (Figure 3). If all subunits participate
in topological interlinking, a network or fabric of cate-cross-link model, a second type of covalent cross-link
joins the isopeptide-linked hexamers and pentamers into nated circles will result. Such topological linking can
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Figure 4. HK97 Makes Covalently Closed Hexamer and Pentamer
Circles
The large oligomers from partially digested HK97 capsid protein
(Figure 2) were separated in a polyacrylamide tube gel (first dimen-
sion) and the separated oligomers were redigested in situ during
electrophoresis into a slab gel (second dimension). A fraction of the
original digest was loaded onto the same gel (original sample). NoteFigure 3. Models to Explain the Large Oligomers in HK97 Heads
that 5-mer circles yield linear 5-mer, but not linear 6-mer; and that(Chains Drawn as in Figure 1)
6-mer circles yield linear 6-mer, but not 5-mer circles.Chainmail model: circularly cross-linked oligomers of head protein
are catenatedÐpredicts that early products of partial digestion will
be linear hexamers and pentamers, and later products will include
trapped in the well, and these gradually break intohexamer circles and pentamer circles and smaller oligomers. Note
smaller networks displaying a wide range of mobilities.that the linking of capsomers is shown at the 2-fold symmetry axes
that relate pairs of capsomers; the data are equally compatible with
linking around the 3-fold axes. Circular Oligomers
Two cross-link model: circular oligomers are linked by additional The chainmail model also predicts that some circles
covalent bonds (straight solid lines)Ðpredicts that products re- and catenated circles will be released during proteolytic
leased from the large networks will be heterogeneous and most will
unlinking. Figure 2C shows low mobility bands thathave multiple branches.
should contain these predicted species. A two-dimen-
sional partial proteolysis gel experiment revealed that
two of these bands have exactly the properties pre-explain the formation of the large oligomers observed
without any additional covalent cross-links. dicted for hexamer circles and pentamer circles (Figure
4). Digestion of the band identified as pentamer circles
yielded only linear pentamers and smaller products (andUnlinking In Vitro
The chainmail model leads to specific predictions about no linear hexamer). Similarly, the hexamer circle band
yielded linear hexamers and smaller products, but didthe products created by partial proteolysis of the pro-
posed chainmail networks. For example, each chain not yield pentamer circles. These results provide very
strong support for the existence of covalently closedbreak occurring early during proteolysis will release full
size linear hexamers or pentamers, which are readily hexamer circles and pentamer circles. Moreover, partial
digestion of the bands above hexamer and pentamerdetectable as discrete bands using electrophoresis (Fig-
ure 3). To explore this hypothesis, HK97 head shells circles also yielded circles, as expected for catenanes
that contain two or more linked circles (Figure 4).were denatured and digested with S. aureus V8 protease
(Figures 2B and 2C). The first products to appear were
the predicted linear covalent hexamers and pentamers. Chainmail Complexes in Agarose Gels
The proposed large chainmail networks do not enter theAfter more extensive proteolysis, the bulk of the protein
was no longer excluded from the gel, and a complex gels in the experiments shown in Figure 2 and Figure
4; chainmail can only be inferred from the breakdownpattern of discrete slowly migrating forms appeared,
accompanied by increasing amounts of forms that ap- products. However, the denatured chainmail networks
did actually run as discrete bands in agarose gels (Figureproximately match tetramer, trimer, dimer, and 31 kDa
monomer in apparent size (Figure 2B). Chymotrypsin di- 5). Samples showing the course of an in vitro linking
experiment are analyzed in Figure 5A. Conversely, thegestion and ultrasonic fragmentation produced equivalent
results (data not shown). Under the two cross-link model, progress of an in vitro unlinking experiment (using ultra-
sonic fragmentation instead of proteolysis) is shown inpartial proteolysis should not produce discrete bands,
because any fragments released would be branched Figure 5B. In these two agarose gels, the band identified
as chainmail networks is the endpoint of the linkingand heterogeneous (Figure 3). Protein species trapped
at the bottom of the sample well at the onset of digestion experiment and the start of the unlinking experiment,
as expected. Bands above theposition of linear hexamerwere found to disappear concurrently with the appear-
ance of a smear in the stacking gel (Figures 2B and 2C). appear to be multiply catenated protein rings predicted
by the model.These results suggest that large chainmail networks are
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high-resolution structure. (Crystals of the mature but
empty HK97 Head II diffract to at least 3.5 AÊ [Wikoff et
al., 1998], so a detailed model based on a near-atomic
resolution structure may permit such a chain trace in
the near future.) In the absence of direct proof, a set of
distinctive protein products created during both linking
and unlinking reactions were characterized and shown
to be entirely consistent with the chainmail model, and
inconsistent with a reasonable alternative model. The
reactions analyzed in Figures 2A and 2B have remark-
able symmetry of products, superficially resembling the
two directions of a reversible reaction, despite the fact
that radically different mechanisms were used. In the
linking experiment (Figure 2A) cross-link formation was
catalyzed by the protein of the native HK97 heads (Duda
et al., 1995a). In the unlinking experiment (Figure 2B)
Figure 5. The Formation and Ultrasonic Fragmentation of Chainmail heads were denatured and cleaved with a proteaseÐa
Displayed by Agarose Gels
protease known to be unable to cleave the lysine-aspar-
Fully linked protein chainmail networks run as bands in agarose agine isopeptide bonds (Duda et al., 1995a). The samegels in contrast to remaining in the sample well in SDS gels (Figure 2).
circles and catenated circles, and similar species of(A) Linking: Prohead II was induced to expand and cross-link in vitro
hexamer and smaller oligomers are displayed in eachusing a two-step procedure. Samples were taken during expansion
in urea (0±32 min), and after dilution out of urea (64±264 min and experiment, where they appear in a relatively conserved
overnight [18 hr]), processed and run in a 2% agarose gel in 20 mM but reversed order, completely consistent with the
Tris base, 40 mM acetic acid (pH 8.1). An untreated (control) sample chainmail model. Together with the additional genetic
was also run.
and biochemical evidence outlined above, these results(B) Unlinking: samples of denatured Head II were treated in a labora-
provide a convincing argument for the existence of pro-tory sonicator for the indicated times and run in an agarose gel as
tein chainmail in HK97 capsids.in (A). On an SDS polyacrylamide gel, these samples produced the
oligomer bands seen in Figure 2B, but with different kinetics (not The chainmail complexes examined above were all
shown). derived from in vitro expanded and cross-linked Head
II, but head protein extracted from mature HK97 virions
exhibited essentially identical properties. Gel analysis
Cross-Linking-Defective Mutant revealed that mature virions have a small amount of the
The chainmail model is further supported by the obser- circular and linear forms of hexamer and pentamer and
vation that all cross-linking is abolished by a single mu- a larger amount of chainmail complexes that were
tation that changes one of the residues involved in the trapped in the sample well in SDS polyacrylamide gels
known interchain cross-link (lysine 169 to tyrosine; mu- and ran as a band in agarose gels (data not shown).
tant K169Y) (Duda et al., 1995b). The K169Y mutant
protein remains monomeric even though the protein can
Chainmail Functionassemble, undergo cleavage, and expand to become
The most likely biological function of protein chainmailHead I particles that appear structurally identical to wild-
is to stabilize the HK97 capsid. Head II was found to betype Head II (Conway et al., 1995; Duda et al., 1995b).
more resistant to denaturation by GuHCl than Head I,If there were a second type of cross-link, as under the
suggesting that the cross-links radically increase capsidalternative two-cross-link model, the Head I made with
stability. However, it is not yet known whether the HK97mutant K169Y protein should have contained gp5* oligo-
cross-links are required for phage viability. The struc-mers linked by this secondary cross-link, probably into
tures tested do not have DNA or a tail.dimers or trimers.
Intertwined polypeptide chains as a means to orga-
nize or strengthen protein-protein interactions are par-Head Stability
ticularly evident in the high-resolution structures ofThe relative stability of empty Head I and Head II were
many viruses, where invading strands cross subunit in-compared by treating samples of each with high con-
terfaces and interdigitate or become part of the second-centrations of the denaturant guanidine hydrochloride
ary structure of neighboring subunits. Examples of inter-(GuHCl) (described under Experimental Procedures).
digitating polypeptides include those found in tomatoThe fully cross-linked Head II was found to survive expo-
bushy stunt virus (Olson et al., 1983), SV40 (Liddingtonsure to 4 M GuHCl and partially resist denaturation at
et al., 1991), cowpea chlorotic mottle virus (Speir et al.,even 5 M GuHCl, while Head I (essentially identical, but
1995), and MS2 (Valegard et al., 1990).not cross-linked due to mutation K169Y) was destroyed
rapidly at 4 M GuHCl (data not shown).
Implications for Capsid Assembly and Structure
The topological interlocking of HK97 capsid proteinsDiscussion
most likely happens during the expansion transforma-
tion. The actual increase in size from prohead to headProtein Chainmail
In order to prove directly that protein chainmail exists, may not be thegoal of this change, but a consequence of
the dramatic reorganization needed to produce a stableit will be necessary to trace the catenated chains in a
Protein Chainmail
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capsid from a less stable precursor. The prohead stage protein catenation will be found in phages, it is not cer-
tain that nonphage examples exist.However, the proteinmay be required in part to set up the conditions for the
near-simultaneous, coordinated, arm-over-arm move- chainmail of HK97 capsids is such a dramatic example
of protein catenation and produces such a large productments of hundreds of subunits needed to produce inter-
locked capsomers. Most if not all bacteriophages that that it was relatively easy to recognize; other instances
may be less dramatic and thus more difficult to recog-undergo analogous expansion transformations (Casjens
and Hendrix, 1988) may use this transition to intertwine nize. There are a few reports of sets of apparently cova-
lent oligomers that might be composed of circular pro-polypeptide strands across subunit boundaries like
HK97, but without additional covalent bonds. Such to- tein oligomers that are catenated in a manner related
to that found in HK97 protein chainmail (Pond et al.,pological interlocking may be responsible for much of
the mechanical stability of the very thin protein shells 1989; Heruth et al., 1994; Limberger et al., 1994). Protein
gel data reported suggest that chainmail-like catenanesof bacteriophage capsids. The covalent cross-linking
may provide additional stabilization for HK97. Such ex- may be present in the cross-linked oligomers of the
flagellar hook protein of Treponema phagedenis (Lim-tra stabilization is apparently achieved by a different
mechanism in both T4 (Steven et al., 1992) and l (Stern- berger et al., 1994) and in the covalent protein oligomers
of R bodies found in endosymbionts of Paramecia andberg and Weisberg, 1977), which bind small stabilizing
proteins to the capsid outer surface after expansion. certain Pseudomonas species (Pond et al., 1989; Heruth
et al., 1994). In each of these cases, protein subunits
apparently form a (helical or planar) surface that may
Chainmail in Other Phages be stabilized by catenation.
Several other bacteriophages appear to have capsids
Experimental Procedureswith protein chainmail. Likely candidates are lactococ-
cal bacteriophages r1t (van Sinderen et al., 1996) and
Preparation of Proheads and Headsc2 (Lubbers et al., 1995), coliphage HK022 (R. Hendrix,
HK97 Prohead II (without portal) was made by expressing gp4 and
personal communication), mycobacteriophages L5 (Hat- gp5 from plasmid pT7-5Hd2.9 (Duda et al., 1995b), prepared as
full and Sarkis, 1993) and D29 (Schafer et al., 1977; Ford described (Duda et al., 1995a), adsorbed to a column of Whatman
et al., 1998), and over 50% of a collection mycobacterio- DE-52 in 20 mM tris(hydroxymethyl)aminomethane hydrochloride
(Tris HCl) (pH 7.5) with 40 mM NaCl, and eluted with a linear gradientphages (G. Hatfull and R. Hendrix, personal communica-
of NaCl (to 0.3 M). Prohead II was converted to Head II in a two-tion). Each of these phages appears to lack the typical,
step procedure. Prohead II samples (in 20 mM Tris HCl [pH 7.5], 0.2abundant 30±50 kDa major head protein seen in other
M KCl, 1 mM 2-mercaptoethanol) were diluted about 5-fold into
phages. Instead, they have what appears to be a set of acidic urea (final concentration 7 M urea in 50 mM sodium acetate
cross-linked hexamer and pentamer proteins and the [pH 5]) to induce expansion. After 60 min the samples were diluted
larger oligomers associated with protein chainmail (Shafer 5-fold in 50 mM Tris HCl (pH 7.5) to allow cross-linking (inhibited in
urea). Heads were dialyzed to remove urea and concentrated byet al., 1977; Hatfull and Sarkis, 1993; Lubbers et al.,
centrifugation. Head I was prepared in an identical manner using a1995; van Sinderen et al., 1996).
plasmid with the K169Y mutation (Duda et al., 1995b).
In Vitro Linking Reaction
Protein Catenation This was done in two parts shown separately in Figure 2. Part 1
Catenated protein may not be limited to the protein (Figure 2A, in vitro expansion): Prohead II was diluted into acidic
urea (final concentration 7 M urea, 50 mM sodium acetate [pH 5])chainmail found in bacteriophage capsids, however. It
and incubated at room temperature; at the indicated times, samplesmay be a special case of a general class of catenated
were precipitated with 10% trichloroacetic acid, denatured in SDSproteins not yet identified under current paradigms in
sample buffer, and electrophoresed. Part 2 (in vitro cross-linking):protein biochemistry, where one does not explicitly look
Prohead II was incubated in acidic urea for 60 min and diluted 10-
for protein catenation or covalent circular proteins, with fold into 50 mM Tris HCl (pH 7.5) to allow cross-linking;samples were
the exception of the loops created by disulfides. Cova- taken before dilution (0 min) and after (1±120 min) and processed as
for part 1.lent loops formed by disulfide bonds could potentially
mediate protein catenation. In fact, the one previous
Unlinking of Chainmail by Proteolysis or Sonicationexample of catenated protein chains is a disulfide-medi-
Proteolytic Unlinkingated catenated protein dimer found as an artifact after
HK97 Head II was boiled in SDS sample buffer, diluted 20-fold into
in vitro refolding of recombinant bovine somatotropin 25 mM Tris HCl (pH 8) (0.1% SDS final), and digested for 30 min with
(Violand et al., 1989; Tou et al., 1993). Protein catenation, 0 to 3 mg/ml S. aureus V8 protease at 378C. To stop the digestion,
concentrated SDS sample buffer was added and the samples werelike other posttranslational modifications, provides an
heated rapidly to 1008C. Digestions were also done with chymotryp-additional mechanism for the formation of protein geom-
sin under identical conditions.etries or conformations that are not possible in a primary
Sonic Unlinking
translation product. For example, the formation of the HK97 Head II was boiled in 6 M GuHCl, sonicated (Branson Model
covalent catenanes offers a mechanism for proteins to 250, micro-tip, 17% power, 70% duty cycle, 0.2 ml) for 0 to 120 s,
define or assemble onto a surface, and then covalently precipitated with 90% ethanol, denatured in SDS gel sample buffer
and then run in a nondenaturing agarose gel. Sonic fragmentationinterlock to form a very stable surface structure from a
of chainmail was successful if the protein was maintained in anset of loosely associated complexes. In the HK97 capsid
extended state in 6 M GuHCl, but unsuccessful in 0.1% SDS.the protein chainmail forms at a (curved) surface after
previously soluble oligomers have docked adjacent to Electrophoresis Methods
each other. SDS polyacrylamide gels used standardbuffers (Laemmli, 1970) and
an unusual low-cross-linker acrylamide stock (Duda et al., 1995a).While it seems certain that additional examples of
Cell
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All samples were denatured by heating to 1008C for 2.5 min. SDS and biochemical analysis of the flagellar hook of Treponema
phagedenis. J. Bacteriol. 176, 3631±3637.gels were stained with Coomassie brilliant blue R250, except for
Figure 4. Nondenaturing agarose gels in 20 mM Tris base, 40 mM Lubbers, M.W., Waterfield, N.R., Beresford, T.P., Le Page, R.W., and
acetic acid (pH 8.1) were run and stained as described previously Jarvis, A.W. (1995). Sequencing and analysis of the prolate-headed
(Duda et al., 1995a). lactococcal bacteriophage c2 genome and identification of the
structural genes. Appl. Environ. Microbiol. 61, 4348±4356.
Two-Dimensional Unlinking Analysis Murphy, F.A., Fauquet, C.M., Mayo, M.A., Jarvis, A.W., Ghabriel,
Partially unlinked head protein (equivalent to the ª0.4 mg/mlº lane S.A., Summers, M.D., Martelli, G.P., and Bishop, D.H.L. (1995). Sixth
in Figure 2C) was separated in a 6.7% SDS polyacrylamide tube Report on the International Committee on Taxonomy of Viruses (New
gel. The entire tube gel was equilibrated with stack buffer for 10 York: Springer Verlag).
min, loaded onto a 6.7% slab gel, overlaid with 0.4 mg of S. aureus Olson, A.J., Bricogne, G., and Harrison, S.C. (1983). Structure of
V8 protease and electrophoresed with a 10 min halt in the stack to tomato bushy stunt virus IV. The virus particle at 2.9 AÊ resolution.
aid digestion. The gel was silver stained (Wray et al., 1981). J. Mol. Biol. 171, 61±93.
Pond, F.R., Gibson, I., Lalucat, J., and Quackenbush, R.L. (1989).
Capsid Stability Tests R-body-producing bacteria. Microbiol. Rev. 53, 25±67.
Heads I and II were mixed with GuHCl to reach a final concentration
Popa, M.P., McKelvey, T.A., Hempel, J., and Hendrix, R.W. (1991).of 4 to 6 M in 50 mM Tris HCl (pH 8). After incubation for 10 min
Bacteriophage HK97 structure: wholesalecovalent cross-linking be-(short) or 20 hr (long), samples were dialyzed overnight to remove
tween the major head shell subunits. J. Virol. 65, 3227±3237.GuHCl and concentrated by pelleting in a Beckman TLA100 rotor
Schafer, R., Huber, U., and Franklin, R.M. (1977). Chemical andat 55 krpm for 12 min. The presence of intact head structures was
physical properties of mycobacteriophage D29. Eur. J. Biochem.determined by agarose gel electrophoresis (Duda et al., 1995a).
73, 239±246.Head II resisted short 4 and 5 M treatments and long 4 M treatment.
Head I could not be detected after any (4±6 M) GuHCl treatments. Speir, J.A., Munshi, S., Wang, G., Baker, T.S., and Johnson, J.E.
(1995). Structures of the native and swollen forms of cowpea chlo-
rotic mottle virus determined by X-ray crystallography and cryo-Acknowledgments
electron microscopy. Structure 3, 63±78.
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